Introduction
Trichloroethene (TCE), one common chlorinated organic compound, has been reported as one of the main pollutants in groundwater because of its wide prior usage and previously employed disposal practices. Contamination of groundwater by TCE has attracted much attention due to the concern of toxicity and carcinogenicity, thus its maximum contaminant level in drinking water is set at 5 μg/L by EPA (U.S. EPA 2009). Natural-attenuation-based remediation of TCE in contaminated sites is generally a quite slow process, and therefore numerous remediation techniques have been examined for the cleanup of TCE (National Research Council 2013; Stroo et al. 2012; U.S. EPA 2003; ITRC 2002) . In situ chemical oxidation (ISCO) using strong oxidants has drawn much attention for being one promising remedial alternative (ITRC 2002; Siegrist et al. 2011; Tsitonaki et al. 2010; Krembs et al. 2010; ITRC 2005) . Several strong oxidants, such as ozone (Choi et al. 2002 ), Fenton's reagent (Rosas et al. 2014) , permanganate (Liang et al. 2014) , calcium peroxide as well as persulfate Liu et al. 2014) , have been documented in ISCO applications.
Recently, a solid-phase oxidant, sodium percarbonate (2Na 2 CO 3 •3H 2 O 2 , SPC), has been examined as a substitute for the liquid-phase hydrogen peroxide (H 2 O 2 ) Sindelar et al. 2014; Viisimaa and Goi 2014) . As a granulated solid carrier of H 2 O 2 , SPC is easier to transport and able to release H 2 O 2 after mixing with H 2 O (2Na 2 CO 3 •3H 2 O 2 → 2Na 2 CO 3 + 3H 2 O 2 ). This makes it possible to initiate the well-known Fenton-like reaction when catalyzed by iron. In addition, SPC has a wider pH range of applicability compared to the standard hydrogen peroxide . Fu et al. demonstrated the effective degradation of benzene by the Fe(II)-catalyzed SPC process , and their results indicated that the Fe(II)-catalyzed SPC process could be applied in weakly alkaline conditions for benzene degradation. Furthermore, effective pollutant degradation was observed in actual groundwater remediation systems. Miao et al. introduced various organic chelating agents to the Fe(II)-catalyzed SPC process to help maintain availability of Fe(II) in solution, and thereby improve overall degradation rates (Miao et al. 2015a, b) . Prior work has shown higher reactivity of SPC with chelated Fe(II) than with Fe(II) aqua complexes, thus improving SPC utilization (ElShafei et al. 2010) . However, it is noteworthy that Fe(II) would be transferred to Fe(III) rapidly when SPC was added to the chelated Fe(II)-catalyzed SPC system. For example, Zang et al. reported that Fe(II) concentration dropped to 1.25 from 25.5 mg/L quickly after SPC addition, and Fe(III) was the main form of soluble iron in the citric acid-chelated Fe(II)-catalyzed SPC (CA/Fe(II)/SPC) process (Zang et al. 2016) . Therefore, seeking a suitable reducing agent for Fe(II) regeneration by reducing Fe(III) in the chelated Fe(II)-catalyzed SPC process is of considerable interest to further improve iron availability and promote contaminant degradation.
Recently, hydroxylamine hydrochloride (HAH) has been investigated as a reducing agent to expedite the regeneration of Fe(II) because of its higher reduction ability and lower reactivity with HO• (Buxton et al. 1988) . Zou et al. (2013) reported that the presence of HAH in a Fe(II)-catalyzed peroxymonosulfate process could promote Fe(III)/Fe(II) recycling and reactive oxidant generation, and thus accelerate benzoic acid degradation. Miao et al. (2015a, b) demonstrated that HAH possessed the best effect on enhancing degradation of tetrachloroethene after comparing with various other reducing agents in the Fe(II)/Fe(III)-catalyzed SPC system. Chen et al. (2011) also reported that the addition of HAH in Fenton's reagent could result in more stable Fe(II) regeneration and faster HO• generation than that in the conventional Fenton system. Based on the above discussion, it is hypothesized that the addition of HAH to the CA/Fe(II)/SPC system will enhance Fe(II) regeneration by reducing Fe(III) accumulation. It can be also deduced to improve the oxidation ability of the CA/Fe(II)/SPC system by enhancing the utilization of SPC and Fe(II), and therefore promote pollutant degradation efficiency. Hence, in this study, we developed an innovative HAH/CA/Fe(II)/SPC system to (i) investigate the oxidation efficiency of TCE in this system, (ii) delineate the role of free radicals on TCE degradation by using radical scavengers tests, (iii) evaluate the mineralization of TCE by measuring Cl − release and formic acid concentration, and (iv) explore the effect of solution matrix constituents on TCE degradation efficiency. Through the above investigations, it is expected that this study will provide a fundamental knowledge for this technique application in the remediation of TCE-contaminated groundwater at contaminated sites. Experimental design TCE stock solution was obtained by mixing the pure nonaqueous phase liquid TCE with Milli-Q water under stirring for 1 h, and then diluted into a 250-mL cylindrical glass reactor with the desired initial concentration. The initial TCE concentration was fixed on 0.15 mM according to our survey of contaminated sites in Shanghai, China. A magnetic stirrer in the reactor was applied to keep chemicals mixing uniformly, and a temperature bath (DC, Ningbo, China) was employed to control the temperature at 20°C. Predetermined dosages of CA, Fe(II), HAH, and other required chemicals were added to the reactor in succession and reactions were initiated by the addition of SPC. Control tests without any reagent addition were conducted to determine TCE volatilization loss. One-milliliter aqueous samples were placed into sample vials containing 1.0 mL hexane for extraction using a vortex stirrer at the desired time intervals. After 3 min extraction and 5 min static separation, the upper organic phase was transferred to a GC vial.
Materials and methods

Materials
Free-radical probe tests
The generation of HO• was confirmed by the degradation of nitrobenzene (NB), an oxidant probe compound, which can react with HO• at a high rate constant of 3.9 × 10 9 M −1 s −1 (Buxton et al. 1988 ). The generation of superoxide anion radical (O 2
•-
) was ascertained by carbon tetrachloride (CT) degradation, a reductant probe compound, which is extremely reactive with reductant (k = 1.6 × 10 10 M −1 s ) (Buxton et al. 1988 ). The procedure used for the free-radical probe tests is the same as TCE experimental design. CA/Fe(II)/SPC systems. As shown in Eq. 1, R s and R 0 represent TCE final degradation rate with and without addition of scavenger, respectively. Meanwhile, it is noted that ConD can only approximate the contributions of both free radicals in TCE degradation owing to the interconnectedness of the reactive oxygen species generation.
Scavenger tests
ConD ¼ R 0 −R S ð Þ=R 0 Â 100%ð1Þ
Analytical methods
One microliter (1-μL) extracted TCE or CT samples were analyzed immediately by a gas chromatograph (Agilent 7890A, Palo Alto, CA) equipped with an electron capture detector (ECD), an autosampler (Agilent 7693), and a DB-VRX column (60 m length, 250 μm i.d., and 1.4 μm thickness). The split ratio was 20:1. The injector and detector temperatures were 240 and 260°C, respectively, and the temperature of oven was held at 75°C constantly. TCE recovery was in the range of 87~95%. Analysis procedure of extracted CT samples is in accordance with TCE analysis procedure except the constant oven temperature of 100°C. Extracted NB samples were analyzed using flame ionization detector (FID) equipped with a HP-5 column (30 m length, 250 μm i.d., and 0.25 μm thickness), keeping temperatures of injector, detector and oven at 250, 300, and 175°C, respectively. Onemicroliter extracted NB samples were injected into GC at a split ratio of 5:1. Ion chromatography (Dionex ICS-I000, Sunnyvale, CA) was applied to detect the concentration of chloride anion (Cl − ) and formic acid (HCOOH). The measured concentration of chloride anion with HAH addition before adding SPC in the HAH/CA/Fe(II)/SPC system was acted as a background level. Fe(II) and total soluble iron were determined with 1,10-phenanthroline method (Tamura et al. 1974) . pH values were measured by a pH meter (MettlerToledo DELTA 320, Greifensee, Switzerland).
Results and discussion
The enhanced effect of HAH on the generation of free radicals Based on our previous research, both HO
• and O 2 •− were identified as the predominant free radicals responsible for TCE degradation in the CA/Fe(II)/SPC system (Zang et al. 2016) . In order to explore the effect of HAH on the generation of free radicals, several tests with probe compounds (NB and CT) were conducted and the results are shown in Fig. 1 . The initial concentrations of HAH, CA, Fe(II), SPC, NB, and CT were set at 1.5, 0.5, 0.45, 0.75, 0.15, and 0.15 mM, respectively. Results of the control tests with only NB or CT showed that their volatilization loss could be neglected during the entire test period. The results demonstrate that NB removal in both CA/Fe(II)/SPC and HAH/ CA/Fe(II)/SPC systems within 2 min was nearly the same, indicating that HAH addition had little effect on HO • generation in the initial 2 min (Fig. 1a) . This could be explained by the similar initial concentrations of Fe(II) in both systems, which is the major factor affecting HO • generation (Eq. 2). In addition, it is also noted that most NB was degraded within the initial 30 min and minor NB degradation was observed during the latter 60 min. This illustrates the rapid production and consumption of HO• in both systems. Lastly, the final removal of NB increased to 84% with the addition of HAH, compared to 70% without HAH addition. This interesting result suggests that HAH enhances the generation of HO
• during the reaction. This effect is deduced to result from the accelerated regeneration of Fe(II) because HAH, a strong reducing agent, can promote Fe(III)/Fe(II) recycling (Table S1) , while Fe(III) was the primary form of soluble iron after the initial 2-min reaction in the CA/Fe(II)/SPC process. Moreover, the slower regeneration of Fe(II) from Fe(III) reduction through the chain reactions with H 2 O 2 and HO 2 • involved via Eqs. 3-5 could also limit the generation of HO • in the CA/ Fe(II)/SPC system.
As depicted in Fig. 1b 
Oxidation performance of TCE in the HAH/CA/Fe(II) /SPC system
Enhanced effect of HAH on TCE removal
The enhanced effect of HAH on TCE degradation is shown in Fig. 2 and Fig. S1 . The initial Fe(II)/SPC/TCE molar ratio and TCE concentrations were set at 3/5/1 and 0.15 mM, respectively. Less than 6% loss of TCE within 120 min was observed in the control test, indicating that volatilization loss of TCE during the entire experimental period is minimal (Fig. S1 ). As shown in Fig. 2 , the removal of TCE increased from 89 to 99.6% with the increase of HAH concentration from 0 to 2.25 mM when CA concentration was 0.5 mM. This indicates that the addition of HAH to the CA/Fe(II)/SPC system can enhance TCE degradation. This is due to the enhanced generation of HO • and O 2 •− when HAH was added to the CA/Fe(II)/ SPC system, as discussed in Section 3.1. The similar effect of HAH on TCE degradation was observed when CA concentration was set at 0.1 mM. However, for both cases, further increased HAH concentration of 3.0 mM resulted in a decrease of TCE removal. Higher Fe(II) concentrations were observed in the HAH/ CA/Fe(II)/SPC system compared to the CA/Fe(II)/SPC system (as shown in Table S1 ). This confirms that the addition of HAH can enhance the regeneration of Fe(II), which is critical for Fenton-like process. This enhanced availability of Fe(II) is likely partly responsible for the enhanced TCE degradation performance of the HAH/CA/Fe(II)/SPC system. The degradation pattern of TCE in the HAH/CA/Fe(II)/SPC system is in accordance with a pseudo first order reaction kinetics model, as shown in Eqs. 9 and 10. C t,TCE and C 0,TCE are TCE concentrations (mM) at reaction time t (min) and time zero, respectively. The fitting lines on the basis of Eqs. 9 and 10 at different HAH concentrations with fixed CA concentration (2.0 mM) are shown in Fig. S2 , and its slope (k TCE ) represents the rate constant of the pseudo first order reaction kinetics model and its linear correlation coefficient (R 2 ) are summarized in Table S2 .
In the presence of 2.25 mM of HAH, the rate constant increased from 0.026 to 0.069 min . This demonstrates that the addition of HAH to the CA/Fe(II)/SPC system did quantitatively enhance the degradation efficiency of TCE. While increasing HAH above 3 mM, the rate constant (0.059 min −1 ) decreased probably due to the scavenging effect of excessive HAH. Fig. 3 . The Fe(II)/SPC/TCE molar ratio was fixed at 3/5/1, while initial concentrations of TCE, CA, and HAH were 0.15, 0.5 and 1.5 mM, respectively.
As shown in Fig. 3a, 99 .3% TCE removal was observed in 60 min for the system without the addition of TBA. Conversely, in the presence of 10 and 20 mM TBA, TCE removal decreased significantly to 38.1 and 20.6%, respectively. In addition, the generated HO • radical was effectively scavenged by TBA due to the higher TBA concentration than TCE. This inhibited TCE degradation suggests that HO • was the predominant radical responsible for TCE removal in the HAH/CA/Fe(II)/SPC system. However, higher TBA concentration (30 mM) did not lead to further inhibition, and 20% of TCE was still removed, indicating that a non-HO • oxidation mechanism exists.
As shown in Fig. 3b , TCE removal decreased from 99.3 to 77.5% and 75.7% respectively with the BQ concentrations of 10 and 20 mM. This inhibition of TCE removal (~23%) with BQ addition suggests the significant contribution of O 2
•− to TCE removal in the HAH/CA/Fe(II)/SPC system. On the other hand, the relative contribution of HO • and O 2 •− to TCE to TCE removal.
The dechlorination of TCE
According to previous research, the change of Cl − concentration can be applied to evaluate the extent of destruction of chlorinated hydrocarbons Liang et al. 2007 ).
Theoretically, complete dechlorination of 1 mol TCE would release 3 mol of Cl − . In this study, the concentrations of Cl − along with TCE degradation in the CA/Fe(II)/SPC and HAH/ CA/Fe(II)/SPC systems were measured and the results are shown in Fig. 4 . It is obvious that the measured Cl − concentrations in the CA/Fe(II)/SPC system were consistent with the theoretical Cl − concentrations (Fig. 4a) . Conversely, as depicted in Fig. 4b , the measured Cl − concentration was lower than the theoretical Cl − concentration for the first 60 min in the HAH/CA/Fe(II)/SPC system. This observation suggests the existence of some chlorinated intermediates. However, after 60 min, the measured Cl − concentration was equal to the theoretical Cl − concentration. This suggests that the possible chlorinated intermediates were further degraded leading to a complete dechlorination of TCE in the HAH/CA/Fe(II)/SPC system. Unfortunately, no chlorinated intermediate products were detected by GC/MS (data not shown). Formic acid was detected in both CA/Fe(II)/SPC and HAH/CA/Fe(II)/SPC systems. The concentration of formic acid in the CA/Fe(II)/SPC system continuously increased along with the reaction and its final concentration was 3.3 mg/L. The concentration of formic acid in the HAH/CA/ Fe(II)/SPC system slightly increased within 60 min and reached 6.6 mg/L. However, a significant decrease of formic acid concentration was observed after 60 min and its final concentration was 1.4 mg/L, which was lower than that in the CA/Fe(II)/SPC system. The additional degradation of formic acid illustrated that HO
• and O 2 •− remained in the system after 60 min. The above results confirm that the addition of HAH to the CA/Fe(II)/SPC system is in favor of complete mineralization of TCE.
Influence of solution matrix
Several studies have documented the effect of solution matrix on iron catalyzed oxidation reactions, such as the significant scavenging effect of high concentration of Cl − and HCO 3 − on TCE degradation in the CA/Fe(II)/SPC system (Zang et al. 2016) . Therefore, the effects of anion composition (SO 4 2− , HCO 3 − , Cl − and NO 3 − ), solution pH, and humic acid on TCE removal in the HAH/CA/Fe(II)/SPC system were investigated. The molar ratio of Fe(II)/SPC/TCE was fixed at 3/5/1, and the initial concentrations of TCE, CA, and HAH were 0.15, 0.5, and 1.5 mM, respectively. NO 3
, and HA at the tested ranges had negligible effects on TCE removal (see Fig. S3 ).
The effect of pH was investigated at the initial solution pH near to 6.0, 7.0, and 8.0 adjusted with NaOH (0.01 M), as well as an unadjusted pH solution (pH 5.21), and two solutions at extreme pH 3.0 and 11.0 (adjusted with H 2 SO 4 (0.1 M) and NaOH (0.1 M), respectively). As shown in Fig. 5 , only 26.6% TCE removal was obtained at pH 11 while its final solution pH was 8.5, indicating that TCE removal was significantly suppressed by extremely alkaline condition. However, > 99% TCE removal was achieved when the initial solution pH were 3.0 and 5.2, for which the final solution pH was near 2.5 in both cases. And TCE removal was not markedly affected when the initial solution pH increased to 6.0, 7.0, and 8.0 while their final solution pHs were around 3. These results indicated that TCE removal in the HAH/CA/Fe(II)/SPC system was favored under acidic, near neutral, and slightly alkaline conditions. This has much more advantages than general behavior for Fenton reaction process in their actual ISCO application (Pignatello et al. 2006) .
The adverse effect of HCO 3 − on advanced oxidation processes has been reported in several previous research works (Liang et al. 2006; Khan and Adewuyi 2010; Valentine and Wang 1998) . TCE removal was significantly suppressed in the CA/Fe(II)/SPC system at a high concentration of HCO 3 − (> 10 mM, as shown in Fig. S4 ). The result of HCO 3 − effect on TCE removal in the HAH/CA/Fe(II)/SPC system is shown in Fig. 6 . TCE removal decreased to 91.8, 79.6, and 47.3% when concentrations of HCO 3 − were 1.0, 10, and 100 mM, respectively. This indicated HCO 3 − at high concentration also has a significant adverse effect on TCE removal in the HAH/ CA/Fe(II)/SPC system. Fig. 6 and Fig. S4 , much higher TCE removal was observed in the HAH/CA/Fe(II)/ SPC system compared to the CA/Fe(II)/SPC system. The inhibition ratio (I TCE ) was calculated to distinguish the effect of HCO 3 − on CA/Fe(II)/SPC and HAH/CA/Fe(II)/SPC systems.
As shown in Eq. 11, R e,TCE and R c,TCE represent TCE final removal with and without HCO 3 − addition, respectively. With HAH addition to the CA/Fe(II)/SPC system, I TCE decreased to 7.6, 19.9, and 52.4 from 8.5, 38.8, and 72.7 when HCO 3 − concentrations were 1.0, 10, and 100 mM, respectively (Fig.  S5 ). This indicated that HAH addition could, to a certain extent, overcome the adverse effect of HCO 3 − on TCE removal.
Due to the complex effect of solution matrix on TCE removal, experiments using actual groundwater instead of ultrapure water were performed to study TCE degradation performance. TCE removal in actual groundwater (Fig. 7) decreased to 63.5 from 99.7% in ultrapure water (see Fig. S6 ) at a Fe(II)/ SPC/TCE molar ratio of 5/5/1 when CA concentration was 0.5 mM. This could be ascribed to the consumption of oxidant and catalyst caused by the complex constituents of groundwater (see Table S3 ). However, TCE removal increased to 85.3% when 1.5 mM HAH was added. This demonstrates that the HAH/CA/Fe(II)/SPC system is more effective for the remediation of TCE-contaminated groundwater.
Conclusions
In this research, the enhanced effect of HAH on the CA/ Fe(II)/SPC system for TCE degradation was investigated. It is demonstrated that HAH addition accelerated Fe(II) regeneration from Fe(III), thereby enhancing TCE removal. Free-radical probe tests and scavengers tests showed that HO
• and O 2 •− were the dominant species responsible for TCE removal in which the contribution of O 2 •− to TCE removal increased with HAH addition. The change of Cl − concentrations along with TCE degradation indicated the complete dechlorination of TCE. Lower concentration of formic acid detected in the HAH/CA/Fe(II)/SPC system confirmed that HAH addition was more beneficial to complete mineralization of TCE. Investigation of matrix constituents showed TCE removal was significantly affected by extremely alkaline pH and HCO 3 − . HAH addition could partly overcome the adverse effect of HCO 3 − . Finally, better TCE removal performance in actual groundwater was achieved by HAH addition. In conclusion, the HAH/CA/ Fe(II)/SPC system shows great potential for effective treatment of TCE-contaminated groundwater.
